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P2X7 purinergic receptor plays a
critical role in maintaining T-cell
homeostasis and preventing
lupus pathogenesis

Amine Mellouk1, Tom Hutteau-Hamel1, Julie Legrand2,
Hanaa Safya1, Mohcine Benbijja2, Françoise Mercier-Nomé1,3,
Karim Benihoud4, Jean M. Kanellopoulos5 and Pierre Bobé1,2*

1UMR 996, INSERM, Université Paris-Saclay, Clamart, France, 2Institut André Lwoff, CNRS, Université
Paris-Sud, Villejuif, France, 3Plateforme d’Histologie Immunopathologie de Clamart, IPSIT, INSERM,
CNRS, Université Paris-Saclay, Châtenay-Malabry, France, 4UMR 9018, Institut Gustave Roussy,
CNRS, Université Paris-Saclay, Villejuif, France, 5Institute for Integrative Biology of the Cell (I2BC),
CEA, CNRS, Université Paris-Saclay, Gif-sur-Yvette, France
The severe lymphoproliferative and lupus diseases developed by MRL/lpr mice

depend on interactions between the Faslpr mutation and MRL genetic

background. Thus, the Faslpr mutation causes limited disease in C57BL/6

mice. We previously found that accumulating B220+ CD4–CD8– double

negative (DN) T cells in MRL/lpr mice show defective P2X7 receptor ( P2X7)-

induced cellular functions, suggesting that P2X7 contributes to T-cell

homeostasis, along with Fas. Therefore, we generated a B6/lpr mouse strain

(called B6/lpr-p2x7KO) carrying homozygous P2X7 knockout alleles. B6/lpr-

p2x7KOmice accumulated high numbers of FasL-expressing B220+ DN T cells

of CD45RBhighCD44high effector/memory CD8+ T-cell origin and developed

severe lupus, characterized by leukocyte infiltration into the tissues, high levels

of IgG anti-dsDNA and rheumatoid factor autoantibodies, andmarked cytokine

network dysregulation. B6/lpr-p2x7KO mice also exhibited a considerably

reduced lifespan. P2X7 is therefore a novel regulator of T-cell homeostasis,

of which cooperation with Fas is critical to prevent lymphoaccumulation

and autoimmunity.

KEYWORDS

SLE (systemic lupus erythematosus), ALPS (autoimmune lymphoproliferative
syndrome), p2x7 (purino) receptor, fas (APO-1/CD95), lpr mice, T cell, cell death
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Introduction
Mutations of the Fas death receptor gene cause autoimmune

lymphoproliferative syndrome (ALPS) (1). Fas-deficient MRL/

lpr mice spontaneously develop ALPS and a lupus-like disease,

characterized by elevated serum levels of autoantibodies and

cytokines, skin rash, arthritis, vasculitis, and nephritis (2).

Impaired Fas function in effector CD4 or CD8 single-positive

(SP) T cells causes the accumulation of B220+ CD4–CD8–

double-negative (DN) TCRab+ T cells and, ultimately,

splenomegaly and lymphadenopathy (1). A DN T-cell subset

that is mainly derived from CD8+ precursors also expands in the

peripheral blood and disease-affected kidneys of systemic lupus

erythematosus (SLE) patients (3, 4). B cells are also critical for

full-blown ALPS. Fas deficiency in germinal-center B cells and

the resulting memory B cells leads to the accumulation of

autoreactive B cells, whereas Fas restoration on lpr B cells

significantly reduces disease severity (5). Furthermore, T and B

cells from MRL/lpr mice markedly overexpress Fas ligand

(FasL), which renders them cytotoxic in vitro (6, 7) and in

vivo (8, 9). As the lpr mutation is leaky, FasL overexpression

could cause autoimmune attack on Faslow-expressing tissues.

Aside from the lpr mutation, unidentified genes in the MRL

genetic background contribute to disease severity, as Fas-

deficient C57BL/6 mice (B6/lpr) develop limited disease (10).

Numerous susceptibility loci have been discovered in SLE

patients and mouse models (2, 11), including the purinergic

receptor P2X7 (12, 13). The adenosine triphosphate (ATP)-

gated cation channel P2X7 plays a major role in various immune

processes, such as the maturation of proinflammatory cytokines

(14), the proteolytic cleavage of ectodomains (15, 16), and the

activation of T cells (16). Moreover, P2X7 activation can induce

the differentiation of conventional and regulatory CD4+ T cells

into proinflammatory Th17 cells during chronic inflammation

(17–20). However, both detrimental and protective effects of

P2X7 on autoimmune diseases have been reported (21–25). We

previously showed that the regulation of ATP sensitivity in

normal CD4 and CD8 SP T cells depends on their stage of

activation and differentiation (26, 27). Moreover, we found that

B220+ DN T cells that accumulate in MRL/lpr and B6/lpr mice

exhibit a large reduction in P2X7 membrane expression and

sensitivity to ATP (28), suggesting that the ATP/ P2X7 pathway

may contribute to T-cell homeostasis, together with the Fas

apoptotic pathway. Here, we therefore generated a B6/lprmouse

strain (called B6/lpr-p2x7KO) carrying homozygous P2X7

knockout alleles. During ageing, B6/lpr-p2x7KO mice showed

massive accumulation of FasL-expressing B220+ DN T cells in

the per iphery , l e ad ing to marked sp l enomega ly ,

lymphadenopathy, and hepatomegaly. B6/lpr-p2x7KO sera

contained high levels of IgG anti-double-stranded (ds)DNA

antibodies and rheumatoid factor (RF), the proinflammatory

cytokines IFN-l, IL-1b, IL-6, TNF-a, IL-15/IL-15Ra complex,
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IL-17A, and IL-23, and the B-cell survival factors IL-10 and

BAFF, but only low levels of the anti-inflammatory cytokine

TGF-b1. Overall, our data strongly suggest that the P2X7

deficiency strongly amplified the mild phenotype of B6/lpr

mice, as lymphoaccumulation, autoantibody production, and

dysregulated cytokine/chemokine expression were not found in

P2X7-deficient B6 mice. Finally, B6/lpr-p2x7KO mice showed a

remarkably shortened lifespan, with 50% cumulative mortality at

20 weeks of age for female and male mice. This study reveals an

unanticipated protective role for P2X7 in T-cell homeostasis and

the development of ALPS and SLE.
Materials and methods

Mice

Fas deficient MRL/MpJ-Faslpr/J (MRL/lpr, stock No. 000485),

wildtype C57BL/6J (B6), P2X7-deficient B6 (B6-p2x7KO, stock No.

005576), and Fas-deficient B6 (B6/lpr, stock No. 000482) mouse

strains were obtained from The Jackson Laboratory (Bar Harbor,

ME). The B6/lpr-p2x7KO mouse strain homozygous for both the

faslpr (lpr) mutation and P2X7 knockout allele was generated as

follows: B6/lpr and B6-p2x7KO mice were mated to produce F1

hybrid mice uniformly heterozygous for the lpr mutation and P2X7

knockout allele. Interbreeding of these F1 mice allowed the

production of F2 mice (called B6/lpr-p2x7KO) homozygous for the

lpr mutation and P2X7 knockout allele. All mouse strains were

maintained in our animal facilities (CNRS TAAM UPS44, Orléans,

France, and Plateforme Hébergement et Expérimentation Animale

BUFFON, Paris, France). Although male and female B6/lpr-p2x7KO

mice develop ALPS and lupus during ageing, the analysis of female

mice were favoured in each experimental group unless indicated

otherwise because of the significant female sex bias in lupus patients

and lupus-prone MRL/lprmice. Animal protocols were approved by

local (CEEA03 and CEEA40) and national (MESRI) ethics

committees for research (agreement number: D452346).
PCR-based genotyping analysis of B6/
lpr-p2x7KO double-mutant mice

F1 and F2 generations of B6/lpr and B6-p2x7KO intercrosses

were screened for the presence of wildtype ormutant alleles of P2X7

and fas genes by PCR using DNA extracted from the tails and

forward 5’-TCACCACCTCCAAGCTCTTC-3’ and reverse 5’-

TATACTGCCCCTCGGTCTTG-3’ primers for the P2X7 gene,

forward 5’-GTAAATAATTGTGCTTCGTCAG-3’ and reverse 5’-

CAAATCTAGGCATTAACAGTG-3’ primers for the fas gene, and

forward 5’-GTAAATAATTGTGCTTCGTCAG-3’ and reverse 5’-

TAGAAAGGTGCACGGGTGTG-3’ primers for insertion of

the early transposon (ETn) into the fas gene (lpr mutation).

Cycling conditions were as follows: 1 cycle at 95°C for 5 min; 30
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cycles at 95°C for 1 min, 60°C for 30 s, and 72°C for 45 s; and 1 cycle

at 72°C for 5 min.
Single-cell suspension preparations

The single-cell suspensions were prepared from whole

organs. Spleens, lymph nodes (inguinal and cervical) and

thymus were mechanically dissociated in 5% fetal calf serum

(FCS)-RPMI 1640 medium (Gibco, ThermoFisher Scientific)

and passed through a 70 µm nylon cell strainer to obtain

uniform single-cell suspensions. Bone marrow cells were

flushed from the femur and tibia of one hind leg with 5%

(FCS)-RPMI 1640 medium, passed through a nylon cell

strainer and washed. Intrahepatic lymphocytes (IHL) were

isolated as previously described (8). Briefly, whole livers were

perfused to eliminate blood, cut into small pieces in 30% FCS-

RPMI 1640 medium (Gibco, ThermoFisher Scientific), passed

through a mesh, and washed. The cell pellet was resuspended in

20% FCS-RPMI 1640 medium and mononuclear cells were

separated from hepatocytes by Ficoll density (1,090 g/ml)

gradient centrifugation.
ATP-mediated cellular function assays

Assays fo r P2X7-med ia t ed CD62L shedd ing ,

phosphatidylserine exposure, and pore formation were

performed as previously described (26, 27). Briefly, spleen cells

(106 cells/ml) suspended in RPMI 1640 were treated with 500

µM ATP in a humidified 5% CO2 atmosphere at 37°C for 30

min. Then, cell suspensions were washed and stained for 30 min

on ice with phenotype-specific fluorescent mAbs and

fluorescent-conjugated anti-CD62L mAb and Annexin V

fluorescent conjugates to assess CD62L shedding and cell-

surface exposure of phosphatidylserine (PS). To quantify

P2X7-mediated pore formation, ATP treatment was performed

in the presence of YO-PRO-1 or -3 fluorescent dyes (Thermo

Fisher Scientific).
Lymphocyte immunophenotyping

Single-cell suspensions prepared from whole organs were

phenotyped by flow cytometry using fluorescent-conjugated

monoclonal antibodies (mAb) directed against the cell surface

markers CD90.2/Thy1.2 (clone 30-H12), B220 (clone RA3-6B2),

CD19 (clone 1D3), IgM (clone II/41), IgD (clone 11-26),

CD45RB (clone C363.16A), CD4 (clone GK1.5), CD8a (clone

53-6.7), CD69 (clone H1.2F3), CD44 (clone IM7), CD62L (clone

MEL-14), CD25 (PC61.5), CTLA-4 (clone UC10-4B9), CD197/

CCR7 (clone 4B12), KLRG1 (clone 2F1), CD127/IL-7 receptor-a
(clone A7R34), PD-1 (clone J43), and Tim-3 (clone 2B.2C12),
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the death-inducing molecules FasL (clone MFL3), Fas (clone

Jo2), and Granzyme B (clone NGZB), and the transcription

factors Foxp3 (clone FJK-16s) and Eomesodermin (clone

Dan11mag) (eBioscience, ThermoFisher Scientific or

BD Biosciences). P2X7 was detected using a rabbit polyclonal

anti- P2X7 serum and fluorescent-conjugated goat anti-rabbit

IgG F(ab)’2 secondary antibodies (eBioscience), as described

previously (26–28). Fluorescent-conjugated rat or mouse IgG1,

IgG2a, or IgG2b, Armenian hamster IgG mAbs, or rabbit IgG

polyclonal serum were used as isotype controls (eBioscience).

The use of a mAb to the mouse Fcg receptor (clone 93,

eBioscience) avoided non-specific antibody binding. At least

20,000 events were analyzed for each sample. Cell debris, dead

cells, and doublets were gated out using the FSC and SSC

parameters. Data acquisition was performed at the Flow

Cytometry Core Facility at I2BC (Gif-sur-Yvette, France) and

IPSIT (Clamart, France). Flow cytometry data were analyzed

using Summit (Beckman Coulter) and FlowJo (Treestar)

software. The immunophenotyping of the different CD4 or

CD8 single-positive (SP) and B220+ CD4–CD8– double-

negative (DN) CD90+ T-cell subsets have been identified and

gated using a sequential gating strategy (Figure S1).
Quantification of anti-dsDNA antibody,
RF, cytokine, and soluble FasL levels

Serum levels of IgG anti-dsDNA autoantibodies were

quantified using an anti-dsDNA ELISA kit (Signosis), according

to the manufacturer’s instructions. Serum levels of IgG2a anti-

dsDNA and IgG-RF autoantibodies were quantified by ELISA as

previously described (29). Briefly, 96-well plates were coated either

with calf-thymus dsDNA or rabbit IgG (Sigma-Aldrich) and

blocked with 1% bovine serum albumin solution. Serial serum

dilutions were added in triplicate and the plates incubated at room

temperature for 2 h and then washed. Bound IgG2a anti-dsDNA

and IgG RF were detected using alkaline phosphatase-labelled

goat anti-mouse IgG2a and IgG, respectively, and para-

nitrophenyl phosphate (pNPP, Sigma-Aldrich). The OD was

determined at 405 nm. Serum levels of MCP-1/CCL2, MIP-1a/
CCL3, MIP-1b/CCL4, RANTES/CCL5, MCP-3/CCL7, Eotaxin/

CCL11, GROa/CXCL1, MIP-2/CXCL2, ENA-78/CXCL5, IP-10/

CXCL10, BAFF, IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-
10, IL-12 p70, IL-13, IL-15/IL-15R complex, IL-17A, IL-18, IL-22,

IL-23, IL-27, IL-28/IFN-l, IL-31, LIF, M-CSF, G-CSF/CSF-3,

GM-CSF, IFN-a, IFN-g, TGF-b1, TNF-a, and soluble FasL

were assayed using the cytokine & chemokine 36-Plex Mouse

ProcartaPlex Kit, TGF beta 1 Mouse Simplex ProcartaPlex Kit

(eBioscience, Thermo Fisher Scientific), Mouse BAFF/BLyS/

TNFSF13B, Mouse/Rat IL-33 and the Mouse Fas Ligand/

TNFSF6 Quantikine ELISA Kits (R&D systems, Minneapolis,

MN), following the manufacturers’ instructions.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.957008
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mellouk et al. 10.3389/fimmu.2022.957008
Determination of biochemical
parameters

Serum urea, aspartate aminotransferase (ASAT), and lactate

dehydrogenase (LDH) levels were quantified using an automated

analyser (Olympus AU400 Clinical Chemistry Analyzer,

Biochemistry laboratory facility, UMR1149 INSERM-

Université Paris Diderot, France).
Histopathological and
immunohistofluorescence analyses

Kidney, liver, and lung samples were fixed overnight with zinc

formalin fixative (Sigma-Aldrich) and then embedded in paraffin.

Tissue sections (5 µm) were stained with hematoxylin and eosin,

Picro-Sirius red, or Masson’s trichrome (Microm-Microtech;

France). Slides were scanned using a NanoZoomer 2.0-RS

digital slide scanner and 2×, 10×, or 30× objective lenses with a

numerical aperture of 0.75 (Hamamatsu Photonics), and images

were analyzed using NDP View2 software (Hamamatsu

Photonics). Immunohistofluorescence staining was performed

on paraffin sections using primary antibodies against the pan-T

cell marker CD3 (clone CD3-12, Abcam; 1/250) and the

macrophage marker CD68 (PA5-89134, Thermo Fischer

Scientific; 1/200), followed by staining with appropriate

secondary antibodies Alexa Fluor™ 488 and Alexa Fluor™ 594

(Invitrogen, Thermo Fisher Scientific, 1/100). Nuclei were stained

with Hoechst 33342 (Invitrogen; Molecular Probes; 1/300).
Statistical analysis

Data were expressed as means with standard deviations (SD). A

value of more than three SDs from the mean served as criterion to

exclude outliers. Data were analyzed using GraphPad Prism 9.4.0

software (La Jolla, CA). The Shapiro-Wilk test was used to assess the

normality of data distribution. The two-tailed Student’s t-test for

unpaired data was used to compare the mean of two independent

groups. Where two independent variables were considered, two-

way analysis of variance (ANOVA) with a Tukey post hoc test was

used to compare the means of more than two groups. Statistical

significance is indicated as follows: ns, not significant; * p ≤ 0.05; **

p ≤ 0.01; *** p ≤ 0.001, **** p ≤ 0.0001.
Results

B6/lpr-p2x7KO mice develop massive
lymphadenopathy and splenomegaly

We previously reported that pathogenic B220+ DN T cells

from MRL/lpr or B6/lpr mice show a strong reduction of P2X7
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membrane expression and sensitivity to extracellular ATP (28).

We generated a B6/lpr mouse strain carrying homozygous P2X7

knockout alleles (named B6/lpr-p2x7KO) to determine whether

the downexpression of P2X7 on B220+ DN T cells contributes to

their accumulation in lprmice. B6/lprmice were chosen because

they develop only mild lymphoaccumulation relative to MRL/lpr

mice. B6/lpr-p2x7KO mice were produced by crossing B6/lpr

and B6-p2x7KO mice. Double-mutant mice were selected in the

F2 generation by PCR-based genotyping. The absence of P2X7

and Fas on splenocytes of F2 mice was confirmed by flow

cytometry quantification of ATP-induced cellular functions

and P2X7 and Fas membrane expression (Figures S2A, B).

Unlike the parental strains, B6/lpr-p2x7KO mice developed

unexpected massive hyperplasia of the peripheral lymphoid

organs comparable to those of MRL/lpr mice (Figures 1A, B).

The weight of the spleen and LNs in six-month-old B6/lpr-

p2x7KO mice was 4 to 6 times higher than in age-matched B6/

lpr mice (Table 1). The increased size of these lymphoid organs

was due to increased cell numbers, mostly T cells. Although the

absolute B-cell numbers were unchanged in B6/lpr-p2x7KO

mice, their percentage was markedly reduced due to the

massive increase in absolute T-cell numbers (Figures 1B, C,

S2C). Moreover, B6/lpr-p2x7KO mice showed a remarkably

reduced lifespan, with 50% cumulative mortality at 20 weeks

of age for both male and female mice (Figure 1D; Table 2).

Therefore, B6/lpr-p2x7KOmice develop a more rapid and severe

form of disease than B6/lpr mice.
Massive accumulation of B220+ DN T cells in
B6/lpr-p2x7KO spleens and LNs

T cells that accumulate in MRL/lpr mice mainly express the

B220+ DN phenotype (29). We thus immunophenotyped B6/lpr-

p2x7KO splenocytes (Figure 2) and LN cells (data not shown) to

characterize and quantify the T-cell subpopulations. B6/lpr-

p2x7KO mice showed significantly higher absolute numbers of

CD4+ and CD8+ T cells and DN T cells than the parental strains

(Figure 2A). However, the percentage of CD4+ T cells among all

T cells was unchanged in B6/lpr-p2x7KO mice, whereas it was

significantly lower for CD8+ T cells and higher for DN T cells

(Figure 2B). Moreover, DN T cells expressed the transmembrane

phosphatase B220 (Figure 2C) and their numbers were markedly

higher in B6/lpr-p2x7KO females than males (data not shown).

In sharp contrast to B6/lpr-p2x7KO mice, < 3% B220+ DN T

cells were found in age-matched B6 and B6-p2x7KO

mice (Figure 2C).
Kinetics of B220+ DN T-cell accumulation in
B6/lpr-p2x7KO mice

Macroscopically, adenopathy developed later in the B6/lpr-

p2x7KO than MRL/lpr mice. The diameter of the cervical LN was
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FIGURE 1

B6/lpr-p2x7KO mice show a shortened lifespan and develop massive hyperplasia of the secondary lymphoid organs with aging due to the
accumulation of T lymphocytes.Representative images of cervical, axillary, and inguinal lymph nodes and spleens (A) of 7- to 8-month-old
female B6 (WT), B6-p2x7KO, B6/lpr and B6/lpr-p2x7KO mice and 4-month-old female MRL/lpr mice. The massive hyperplasia of lymph nodes is
noticeable in a whole body image of living B6/lpr-p2x7KO mice (A, bottom panel, red asterisks). (B, C) Spleen cells of 7- to 8-month-old female
WT, B6-p2x7KO, B6/lpr and B6/lpr-p2x7KO mice and 4-month-old female MRL/lpr mice were stained with either fluorescent mAbs against
phenotypic markers CD90 and B220 or isotype controls and analyzed by flow cytometry. Bar graphs show the absolute number (B) and
percentage (C) of splenic leukocytes ( ), CD90+ T cells ( ) and CD90−B220+ B cells ( ) from each mouse strain. Stacked bar graphs show the
respective proportions of the T and B cells in each mouse strain. Data are expressed as mean (SD) of 5-6 mice per strain, and each dot in the
bar graphs represents an individual mouse. Error bars in graphs show SD. (D) Kaplan-Meier graph showing the cumulative survival rate by age
for female (n = 53) and male (n = 60) B6/lpr-p2x7KO mice. Asterisks above horizontal lines indicate statistically significant differences assessed
with unpaired two-tailed t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 ****p ≤ 0.0001.
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15.37 mm (SD: 5.98, n = 14) in MRL/lpr and B6/lpr-p2x7KO mice

at 12 and 16 weeks of age, respectively, suggesting distinct kinetics

of lymphoaccumulation between the two strains. Thus, we

monitored the accumulation of B220+ DN T cells in the LNs

over time. They represented 17% of total T cells in 12-week-old B6/

lpr and B6/lpr-p2x7KOmice and nearly 45% in age-matched MRL/

lprmice. The percentage of B220+ DN T cells continued to increase

well beyond 12 weeks of age for the B6/lpr-p2x7KO but not B6/lpr

mice, reaching that of MRL/lprmice at 30 weeks of age (Figure 2D).

In summary, although B6/lprmice generated B220+ DNT cells with

aging, only B6/lpr-p2x7KOmice produced the high numbers found

in MRL/lprmice. Overall, our data strongly suggest that the fas and

p2x7 mutations synergize to strongly amplify the mild

lymphoproliferative syndrome of B6/lpr mice.
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CD8 SP origin of B220+ DN T
lymphocytes in B6/lpr-p2x7KO mice

As the increased percentage of DN T cells in B6/lpr-p2x7KO

spleens was counterbalanced by the decreased percentage of

CD8+ but not CD4+ T cells (Figure 2B), we examined whether

B6/lpr-p2x7KO DN T cells originate from CD8 SP T cells by

quantifying the levels of membrane-anchored CD8 and the

transcription factor eomesodermin (Eomes). Eomes plays a

central role in CD8+ T-cell homeostasis and function (30) and

Th1 lineage commitment (31). CD8, but not CD4, median

fluorescent intensity (MFI) values were markedly lower in B6/

lpr-p2x7KO T cells and also, albeit a lesser extent, in B6/lpr T

cells than in B6 and B6-p2x7KO T cells. CD8 MFI values were
TABLE 1 Organ weights of B6/lpr-p2x7KO mice compared to parental strains and MRL/lpr mice.

B6-p2x7KO*** (n=7)* B6/lpr (n=7) B6/lpr-p2x7KO (n=8) MRL/lpr (n=6)

Axillary LN** 0.007 (0.004) 0.054 (0.072) 0.338 (0.228) 0.257 (0.144)

Mesenteric LN 0.064 (0.021) 0.199 (0.226) 0.782 (0.243) 0.902 (0.368)

Spleen 0.090 (0.031) 0.200 (0.085) 0.787 (0.818) 0.880 (0.474)

Liver 1.800 (0.178) 1.790 (0.206) 2.276 (0.587) 2.637 (0.483)
*n corresponds to the number of mice per group; **Organ weight in g. Results are expressed as mean (SD) from 6-8 mice per strain. LN= lymph node; ***7- to 8-month-old B6-p2x7KO, B6/
lpr and B6/lpr-p2x7KO and 4-month-old MRL/lpr mice.
TABLE 2 Summary of the major phenotypic characteristics of B6/lpr-p2x7KO mice compared to parental strains and the MRL/lpr mouse model of
ALPS and SLE diseases.

Mouse strain B6 B6-p2x7KO B6/lpr B6/lpr-p2x7KO MRL/lpr

50% mortality (months) > 24 > 24 14-17 5 4-6

B220+ DN T cell numbers Spleen − − + ++++ ++++

Liver − − − ++++ −

Anti-dsDNA Ab* 4 (2.2) 2 (1.3) 33 (19.4) 168 (52) 151 (78)

Lymphoid infiltrates Lung − − − ++++ ++++

Kidney − − − ++++ ++++

Liver − − − ++++ −

Skin − − − +/− ++++

Cytokines TGF-b* 6 (2) 5.7 (2.8) 1.6 (1.3) 1.12 (0.6) 1.98 (0.9)

IL-10** 23 (22.4) 19 (10) 92 (105) 126 (80.8) 93 (68.5)

IFN-l** 70 (14.3) 69 (14) 198 (92) 369 (325) 150 (118)

IL-15/IL-15R** 0.16 (0.5) 0 7.6 (9.5) 33 (42.5) 0.90 (2.8)

BAFF* 13 (0.5) 13.4 (5.3) 9.5 (0.6) 18 (3.7) 21.8 (1.8)

IL-6** 33 (6.6) 23 (18) 173 (112) 277 (153) 277 (223)

IL-1b** 3 (2.2) 5 (4) 18 (11.6) 36 (23.5) 11 (11)

TNF-a** 6 (2) 6.6 (1.6) 10.3 (3.6) 19 (9.2) 83 (83.6)

IFN-g** 8 (5.4) 10 (9.6) 84 (68.7) 103 (125) 36 (30.3)

IL-17A** 0.3 (0.6) 0.9 (1.1) 4.4 (4.9) 6.2 (6.5) 2 (3.9)

FasL Soluble + − +++ +++ ++++

Transmembrane + + + ++ +++
fron
+/−, very low level; +, low level; ++, moderate level; +++, high level; ++++, very high level; *ng/ml; **pg/ml, Results are expressed as mean (SD), n = 5-11 mice per strain.
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unchanged in MRL/lpr T cells (Figure 3A). The percentage of

Eomes+ CD4+ T cells and, to a lesser extent, their Eomes MFI

values were significantly higher in B6/lpr and B6/lpr-p2x7KO

mice than in B6 and B6-p2x7KO mice (Figure 3B), indicating
Frontiers in Immunology 07
higher numbers of Th1 cells in both lpr strains. Similarly, the

CD8+ T-cell population showed a 40% higher abundance of

Eomes+ cells in lpr than non-lpr mice, along with significantly

higher Eomes MFI values (Figure 3B), suggesting that lpr CD8+
A

B

DC

FIGURE 2

Quantification of the percentage and absolute number of SP, DN, and B220+ DN T cells and level of CD4 and CD8 on SP T cells in B6/lpr-
p2x7KO mice and parental strains. Spleen cells from 7- to 8-month-old female B6, B6-p2x7KO, B6/lpr and B6/lpr-p2x7KO mice and 4-month-
old female MRL/lpr mice were stained with either fluorescent mAbs against the phenotypic markers CD90, B220, CD4, and CD8 or isotype
controls and analyzed by flow cytometry. Bar graphs show the absolute number (A) and percentage (B) of CD4 SP ( ), CD8 SP ( ) and DN ( ) T
cells among CD90+ T cells from each mouse strain. Data are expressed as mean (SD) of 5-8 mice per strain and each dot in the bar graphs
represents an individual mouse. Stacked bar graphs (A, B) show the respective proportions of SP and DN CD90+ T cells in each mouse strain.
Error bars in graphs show SD. (B) Representative flow cytometry plots of CD4 and CD8 expression in gated CD90+ T cells. (C) Bar graphs show
the percentage and absolute number of B220+ DN CD90+ T cells from each mouse strain. Data are expressed as mean (SD) of 6-8 mice per
strain. (D) Kinetics of B220+ DN CD90+ T cell accumulation in LNs of B6/lpr ( ), B6/lpr-p2x7KO ( ), and MRL/lpr ( ) mice measured by flow
cytometry. Data are expressed as mean (SD) of 6-7 mice per time point. Error bars in graphs show SD. Asterisks above horizontal lines indicate
statistically significant differences assessed with unpaired two-tailed t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 and ns, not
significant.
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FIGURE 3

Cellular origin and activation state of B220+ DN T lymphocytes that accumulate in B6/lpr-p2x7KO mice. Spleen cells from 7- to 8-month-old
female B6, B6-p2x7KO, B6/lpr and B6/lpr-p2x7KO and 4-month-old female MRL/lpr mice were stained with either fluorescent mAbs against the
phenotypic and functional markers CD90, B220, CD4, CD8, CD44, CD45RB, FasL, Eomes, and Granzyme B or isotype controls and analyzed by
flow cytometry. (A) Bar graphs show the mean (SD) of median fluorescent intensity (MFI) values for CD4 and CD8 expression on SP CD90+ T
cells from each mouse strain (n= 5-7 mice per strain). (B) Representative flow cytometry histograms of Eomes intracellular staining gated on
CD4 SP, CD8 SP and B220+ DN CD90+ T cells. Bar graphs show the percentage of Eomes+ cells (left) and Eomes MFI (right) in gated CD4+ ( ),
CD8+ ( ), and B220+ DN ( ) CD90+ T cells from each mouse strain. Data are expressed as mean (SD) of 5-7 mice per strain. (C, D)
Representative flow cytometry plots of CD44/CD45RB staining. CD44 versus CD45RB expression allowed to determine the percentages of
naïve (CD44loCD45RBhi) and effector/memory (either CD44hiCD45RBlo or CD44hiCD45RBhi) cells in whole CD90+ T cells (C) and in B220− SP
(either CD4 or CD8) and B220+ DN CD90+ T cells (D). Stacked bar graphs show (C) the respective proportions of naïve (CD44loCD45RBhi, )
and effector/memory (either CD44hiCD45RBlo or CD44hiCD45RBhi) cells in CD90+ T cells and (D) the proportion of B220+ DN cells ( ) in
CD44hiCD45RBhi effector/memory CD90+ T cells ( ) from each mouse strain. Data are expressed as mean (SD) of 5-7 mice per strain. (E)
Representative flow cytometry dot plots of Granzyme B/CD8 staining in gated CD4 SP, CD8 SP and B220+ DN CD90+ T cells. Bar graphs show
the percentage of Granzyme B+ cells in gated CD4+ ( ), CD8+ ( ), and B220+ DN ( ) CD90+ T cells from each mouse strain. Data are expressed
as mean (SD) of 5-7 mice per strain. (F, G) Membrane-anchored FasL (F, left) on CD90+ T cells from each mouse strain. Data are shown as
mean fold increase (SD, n = 3-7 mice per strain) in FasL MFI on CD90+ T cells relative to staining with an isotype control mAb. Serum levels of
soluble FasL (F, right), IL-15/IL-15R complex (G, left), and CXCL10 (G, right) measured by ELISA in the sera of 6- to 7-month-old female B6, B6-
p2x7KO, B6/lpr, and B6/lpr-p2x7KO mice and 4-month-old female MRL/lpr mice Data are shown as mean (SD) of 5-7 mice per strain. Each dot
in the bar graphs represents an individual mouse. Error bars in graphs show SD. Asterisks above horizontal lines indicate statistically significant
differences assessed with unpaired two-tailed t-test in (A, C, D, F, G) and two-way ANOVA with a Tukey post hoc test in (B, E). *p ≤ 0.05, **p ≤

0.01, ***p ≤ 0.001, ****p ≤ 0.0001 and ns, not significant.
Frontiers in Immunology frontiersin.org08

https://doi.org/10.3389/fimmu.2022.957008
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mellouk et al. 10.3389/fimmu.2022.957008
T cells are more highly activated. Importantly, 60 to 75% of

pathogenic B220+ DN T cells from lpr mouse strains expressed

Eomes, for which the MFI values were similar to those of CD8+

T cells in B6/lpr mice and two-fold higher than those of CD8low

T cells in B6/lpr-p2x7KO mice (Figure 3B).

We recently reported that effector/memory CD8+ and CD4+

T-cell subpopulations from B6 mice are mainly of the

CD44hiCD45RBhi and CD44hiCD45RBlo phenotype,

respectively (27). Therefore, we analyzed CD44 and CD45RB

expression on T cells from B6/lpr-p2x7KOmice and the parental

strains. Approximately 40% of splenic T cells from B6 and B6-

p 2 x 7KO mi c e s howed t h e CD44 h iCD45RB h i o r

CD44hiCD45RBlo effector/memory phenotype (Figure 3C),

whereas the value was 70% to 90% in B6/lpr and B6/lpr-

p2x7KO mice (Figure 3C). Similarly to CD8+ T cells, almost

all B220+ DN T cells showed a CD44hiCD45RBhi effector/

memory phenotype (Figure 3D). Overall, our data suggest that

effector/memory Eomes+ CD44hiCD45RBhi CD8+ T cells from

B6/lpr-p2x7KO mice downregulate the expression of

membrane-anchored CD8 and become pathogenic Eomeshigh

B220+ DN T cells.
High numbers of granzyme B+ CD8+ and
FasL+ DN T cells in B6/lpr-p2x7KO mice

We investigated the cytotoxic potential of the B6/lpr-

p2x7KO T-cell subpopulations by quantifying their levels of

granzyme B (GzmB) and membrane-anchored FasL. GzmB+ cell

numbers were significantly higher among CD8+ T cells than

among CD4+ and pathogenic B220+ DN T cells, irrespective of

the mouse strain studied (Figure 3E). Membrane-anchored FasL

was overexpressed on T cells from B6/lpr-p2x7KO mice but not

those from age-matched parental strains (Figure 3F). Moreover,

soluble FasL, a biomarker of ALPS found to be overexpressed in

certain SLE patients (32, 33), was measured at high levels in B6/

lpr, B6/lpr-p2x7KO, and MRL/lpr sera (Figure 3F).

Furthermore, serum levels of IL-15/IL-15Ra complexes,

which upregulate CD8+ T-cell homeostasis and function (34),

were highly elevated in B6/lpr-p2x7KO mice, with levels 5 to 20

times higher than those in B6/lpr and MRL/lprmice, respectively

(Figure 3G). Single mutant B6-p2x7KO and wildtype B6 mice

had similar low levels of IL-15/IL-15Ra complexes. Elevated

serum levels of the chemokine CXCL10, which regulates the

migration of effector CXCR3+ CD8+ T cells and GzmB

production (35), were also found in B6/lpr-p2x7KO mice,

although to a lesser extent than in MRL/lpr mice (Figure 3G).

Overall, our data suggest that CD8 SP and DN T cells might be a

source of potent cytotoxic T cells with strong ability to

contribute to the severity of the lupus disease in B6/lpr-

p2x7KO mice.
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Massive leukocyte infiltration into various
tissues of B6/lpr-p2x7KO mice

Pulmonary disease and nephritis are an important cause of

morbidity and mortality in SLE patients. Histological analysis of

lung and kidney sections from B6/lpr-p2x7KO mice showed an

abnormal structure, with widespread peribronchiolar,

periglomerular, and perivascular mononuclear cell infiltrates

(Figure 4A) consisting predominantly of CD68+ macrophages

and T cells in renal tissue (Figure 4B). Leukocyte infiltrates were

never found in B6/lpr and wildtype B6 tissues. Hepatomegaly

and/or liver disease can occur in certain SLE patients.

Interestingly, B6/lpr-p2x7KO mice, but not the parental

strains, exhibited increased liver weights (Table 1), consistently

associated with the presence of perivascular and parenchymal

mononuclear cell infiltrates (Figure 4A). Tissue injury in B6/lpr-

p2x7KO mice was confirmed by large areas of renal tissue

fibrosis (Figure 4B) and elevated serum levels of urea (17.8

mM), ASAT (899.5 U/L), and LDH (4352 U/L). Overall, our data

suggest that early mortality in B6/lpr-p2x7KO mice is primarily

due to renal failure.
B220+ DN T cells massively infiltrate B6/
lpr-p2x7KO livers

We isolated and immunophenotyped intrahepatic

lymphocytes (IHLs). CD4+ and CD8+ IHL counts were

significantly higher in B6/lpr-p2x7KO mice than in the

parental strains and even MRL/lpr mice (Figure 4C). Similarly,

B220+ DN T-cell numbers were 7- and 10-fold higher among

IHLs from B6/lpr-p2x7KO than MRL/lpr and B6/lpr

mice, respectively.
Memory T-cell subsets predominate
within the T-cell population of B6/lpr-
p2x7KO mice

The high levels of IL-15/IL-15Ra complexes in B6/lpr-

p2x7KO mice led us to assess the predominance of effector

memory (TEM) and central memory (TCM) T-cell subsets

within the SP and DN T-cell subsets from B6/lpr-p2x7KO

mice, as IL-15/IL-15Ra complexes regulate their expansion.

B6/ lpr-p2x7KO and B6/ lpr mice exhibited a lower

percentage of CD44loCD62L+ naïve CD4+ and CD8+ T cells,

but a higher percentage of CD44hiCD62L−CCR7− TEM and

CD44hiCD62L+CCR7+ TCM subsets than B6 and B6-p2x7KO

mice (Figures 5A, B). Interestingly, most pathogenic B220+ DN

T cells from B6/lpr-p2x7KO and B6/lpr mice had an unusual
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CCR7-negative CD44hiCD62L+ phenotype (Figure 5C), along

with a CD45RBhi phenotype (Figure 3C), reminiscent of the

human EMRA phenotype [CD45RAhiCD44hiCCR7− (36, 37)] of

chronically activated CD8+ T cells. Overall, our data suggest that

SP and DN T-cell subsets from lpr mice, especially B6/lpr-

p2x7KO mice, are chronically activated, as observed under

conditions of severe autoimmunity. Therefore, we evaluated

whether such chronic activation drives T cells to an exhausted

fate. However, PD-1+Tim-3+ T cells were completely absent

from B6/lpr-p2x7KO mice (Figures 5D, E), indicating that the
Frontiers in Immunology 10
accumulating T cells in B6/lpr-p2x7KO mice do not show

phenotypic features of an exhausted state.
Normal percentage of DP and SP
thymocytes but an elevated percentage
of pre-B cells in B6/lpr-p2x7KO mice

Absolute numbers of T cells, but not B cells, were strongly

elevated in B6/lpr-p2x7KO mice (Figure 1). We therefore
A

B

C

FIGURE 4

Massive leukocyte infiltration in the liver, lungs, and kidneys of B6/lpr-p2x7KO mice. (A) Representative photomicrograph (bar scale = 400 mm)
of histological examination of mononuclear cell infiltrates in lung, kidney, and liver sections from 6- to 7-month-old female B6, B6/lpr and B6/
lpr-p2x7KO mice. The corresponding position of the inset is indicated by a black dotted line in the photomicrographs. The inset
photomicrograph (bar scale = 200 µm) is shown in the second column of the panel for each mouse strain and tissue. Histological
photomicrographs were captured using a digital camera. (B) Renal tissue sections from B6/lpr-p2x7KO mice were labelled with anti-CD68 and
anti-CD3 fluorescent mAbs. Sections were stained with picro-sirius red and Masson’s trichrome to detect renal fibrosis. (C) Infiltrating
leukocytes isolated from individual livers of 7- to 8-month-old female B6/lpr, B6-p2x7KO and B6/lpr-p2x7KO mice and 4-month-old female
MRL/lpr mice were stained with either fluorescent mAbs against the phenotypic markers CD90, B220, CD4, and CD8 or isotype controls and
analyzed by flow cytometry. Bar graphs show the mean percentage (SD, n = 5-8 livers per strain) of total CD90+ T cells (IHL, left panel), as well
as CD4+ ( ), CD8+ ( ) and B220+ DN ( ) CD90+ T-cell subsets. Each dot in the bar graphs represents an individual mouse. Error bars in graphs
show SD. Asterisks above horizontal lines indicate statistically significant differences assessed with unpaired two-tailed t-test. ***p ≤ 0.001, ****p
≤ 0.0001.
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FIGURE 5

T cell subsets in B6/lpr-p2x7KO express predominantly central memory and effector memory phenotype but not PD-1+Tim-3+ exhausted
phenotype. Spleen cells from 7- to 8-month-old female wild-type B6, B6-p2x7KO, B6/lpr and B6/lpr-p2x7KO mice (A–E) and 4-month-old
female MRL/lpr mice (D) were stained with either fluorescent mAbs against phenotypic markers CD90, B220, CD4, CD8 CD44, CD62L, CCR7,
PD-1, Tim-3 or isotype controls and analyzed by flow cytometry. (A–C) Representative flow cytometry dot plots of CD44/CD62L staining. CD44
versus CD62L expression allowed to quantify the percentages of CD44loCD62L+ naïve ( ), CD44hiCD62L− effector memory ( , TEM) and
CD44hiCD62L+ central memory (□, TCM) cells on gated CD4 SP (A), CD8 SP (B) or B220+ DN (C) CD90+ T cells from each mouse strain.
Stacked bar graphs (A–C, second panel) show the respective proportions of naive, TEM and TCM cells in CD4+, CD8+ and B220+ DN CD90+ T
cells from each mouse strain. (A–C, third panel) Representative flow cytometry histograms of CCR7 staining gated on CD4 SP (A), CD8 SP (B) or
B220+ DN (C) CD90+ T cells from each mouse strain. (A–C, fourth panel) Bar graphs show the mean percentage (SD, n = 3-8 mice per strain)
of CCR7-expressing CD4 SP, CD8 SP and B220+ DN CD90+ T cells from each mouse strain. (D) Quantification of PD-1+Tim-3+ exhausted T
cells by flow cytometry. Representative dot plots of PD-1/Tim-3 staining gated on CD4 SP, CD8 SP and B220+ DN CD90+ T cells. (E) Bar graphs
show the mean percentage (SD, n = 5-8 mice per strain) of PD-1+ cells in gated CD4 SP ( ), CD8 SP ( ) or B220+ DN ( ) CD90+ T cells from
each mouse strains. Each dot in the bar graphs represents an individual mouse. Error bars in graphs show SD. Asterisks above horizontal lines
indicate statistically significant differences assessed with unpaired two-tailed t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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determined whether the combined mutations of fas and p2x7

genes affect T cell maturation. The percentage of DN,

CD4+CD8+, CD4 SP, and CD8 SP thymocyte subsets was

similar in B6/lpr-p2x7KO and B6 mice. Similarly, DN

thymocyte subsets (DN1 to DN4) defined on the basis of

CD44 and CD25 expression were found in similar proportions

in B6/lpr-p2x7KO and B6 mice (Figures S3A, C). Unexpectedly,

we found a strong reduction in the percentage of IgM+IgD+

transitional B cells and a compensatory increase in the

percentage of IgM−IgD− pre-B cells (Figure S3B, D) in B6/lpr-

p2x7KO bone marrow.
A dysregulated cytokine network and
high levels of autoantibodies in B6/lpr-
p2x7KO mice

Dysregulation of the cytokine network plays a key role in the

pathogenesis of ALPS and SLE (1, 29). We therefore measured

serum cytokine levels in B6/lpr-p2x7KO mice. Serological

analyses (Figure 6) were mostly performed on the same

ind i v idua l m i c e tha t thos e u s ed in l ymphocy t e

immunophenotyping experiments (Figures 3, 5). Wildtype B6

and single-mutant B6-p2x7KO mice expressed high levels of

TGF-b1 and low levels of IL-10 and proinflammatory cytokines.

By contrast, sera from B6/lpr-p2x7KO mice and, to a lesser

extent, B6/lpr mice contained low levels of TGF-b1 and high

levels of IL-10. Moreover, B6/lpr-p2x7KO sera contained high

levels of the proinflammatory cytokines IFN-g, IL-28/IFN-l, IL-
1b, IL-6, TNF-a, IL-17A, and IL-23, of which the levels were

similar or even higher (except for TNF-a) than in MRL/lpr sera

(Figure 6A). The Table S1 presents cytokines, such as IL-12p70

or IL-18, whose levels were found higher in B6/lpr-p2x7KO sera

than parental strains or MRL/lpr sera, but this trend of

overexpression failed to reach statistical significance due to

high inter-individual variability. We also present in this table

the cytokines whose levels remained unaltered in B6/lpr-

p2x7KO mice.

As TGF-b1 plays a central role in the generation, expansion,

and survival of Foxp3+ regulatory CD4+ T cells (Tregs), we

quantified Tregs in B6/lpr and B6/lpr-p2x7KO mice.

Unexpectedly, B6/lpr-p2x7KO mice showed significantly

higher numbers of Foxp3+ Tregs than the parental strains

(Figure S4), suggesting that Fas and P2X7 may synergistically

control the pool size of Tregs in the periphery.

Anti-dsDNA autoantibodies are closely associated with

manifestation of end-organ damage in patients and mouse

models. RF is often associated with rheumatoid arthritis and

Sjogren’s syndrome (38). As expected, we measured pathological

levels of IgG, in particular complement-fixing IgG2a, dsDNA-

reactive antibodies, and RF IgG in the sera of B6/lpr but not B6-
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p2x7KO mice (Figure 6B). Importantly, serum levels of IgG

(Figure 6B, left panel), IgG2a, (Figure 6B, middle panel), and RF

autoantibodies (Figure 6B, right panel) in B6/lpr-p2x7KO mice

were significantly higher than in B6/lpr mice. Moreover,

numerous studies have emphasized the central role of the

cytokines BAFF, IL-6, and IL-10 in the production of

autoantibodies, as well as the role of IFN-g in isotype

switching to nephritogenic complement-fixing IgG

autoantibodies. Interestingly, in addition to IL-6, IL-10, and

IFN-g (see above), we found overexpression of BAFF in the sera

of B6/lpr-p2x7KO mice (Figure 6A), suggesting that the

dysregulated production of these cytokines is responsible for

the expression of SLE-associated serological biomarkers in B6/

lpr-p2x7KO mice.

Finally, to have a more global perspective of autoimmune

dysregulations developed by the B6/lpr-p2x7KO mouse strain,

cellular and serological data were normalized and presented as

radar plots and heat map matrix (Figures 6C, D). Hierarchical

clustering was also performed using Morpheus software (Broad

institute). Importantly, while B6/lpr-p2x7KO and MRL/lpr mice

were clustered together, B6-p2x7KO mice were clustered with

normal B6 mice, highlighting the severity of the disease

developed by the novel B6/lpr-p2x7KO mouse strain. Thus,

B6/ lpr -p2x7KO and MRL/ lpr mice shared s imi lar

dysregulations in the proportion of the normal and pathogenic

T-cell subpopulations (Figure 6D). However, at the serological

level, B6/lpr-p2x7KO mice displayed a unique cytokine profile

which combines some of the cytokine dysregulations found in

B6/lpr and/or MRL/lpr mice and some found in B6/lpr-p2x7KO

mice only (Figures 6C, D). In agreement with their mild auto-

immune phenotype, B6/lpr mice were clustered between the

normal (B6 and B6-p2x7KO) and the severely affected (B6/lpr-

p2x7KO and MRL/lpr) group (Figure 6D).

Overall, our data reveal that combined Fas and P2X7

deficiency massively amplified the mild autoimmune

phenotype of B6/ lpr mice at both the cellular and

serological levels.
Discussion

ALPS is characterized by disrupted peripheral lymphocyte

homeostasis, leading to splenomegaly, lymphadenopathy, and

hepatomegaly. Although ALPS is frequently due to germline

mutations of the FAS, FASLG, or CASP10 apoptosis gene, the

genetic basis of the disease is unknown for a significant number

of patients (1). Most ALPS patients present autoimmune

cytopenia. As in SLE, certain ALPS patients with mostly

unidentified genetic defects develop skin rashes, pulmonary

disease, glomerulonephritis, hepatitis, and arthritis (39). SLE is

a multifactorial autoimmune disease characterized by the
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FIGURE 6

Cytokine and autoantibody levels in sera from B6/lpr-p2x7KO mice and parental strains as well as hierarchical clustering of autoimmune
features. Bar graphs show serum levels of (A) the cytokines TGF-b1, IL-10, BAFF, IFN-g, IL-28/IFN-l, IL-1b, IL-6, TNF-a, IL-17A, and IL-23, as well
as (B) total IgG and IgG2a anti-dsDNA and IgG RF autoantibodies in 6- to 7-month-old female and male wildtype B6, single-mutant B6-
p2x7KO, and B6/lpr mice and double-mutant B6/lpr-p2x7KO mice, as well as 4-month-old female MRL/lpr mice. Data are expressed as mean
(SD) of 5-11 mice per strain, and each dot in the bar graphs represents an individual mouse. Error bars in graphs show SD. Asterisks above
horizontal lines indicate statistically significant differences assessed with unpaired two-tailed t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 ****p ≤

0.0001. (C) Radar plot profiles of the cytokine and anti-dsDNA autoantibody levels in B6 and B6-p2x7KO (upper panel, left), B6/lpr (upper panel,
right), B6/lpr-p2x7KO (lower panel, left), and MRL/lpr (lower panel, right) mice. Using min-max normalization, we rescaled data values of every
feature between 0 and 1 via the formula x’ = (x – min(x))/(max(x) – min(x)) where min(x) and max(x) are the minimum and the maximum values
of the feature, respectively. (D) Heat map and hierarchical clustering of cellular and serological features from B6, B6-p2x7KO, B6/lpr, B6/lpr-
p2x7KO, and MRL/lpr mice. For each feature, measured data were normalized (min-max normalization) and loaded in the data-processing
software Morpheus (Broad Institute). The color gradient represented the lowest (blue) and highest (red) value found among the five mice strains.
Hierarchical clustering was applied using one minus Pearson correlation to assess whether clinical and biological parameters from B6/lpr-
p2x7KO cluster with those of B6/lpr and/or MRL/lpr mice.
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hyperactivation of immune cells, the production of

autoantibodies, and immune complex-mediated inflammatory

damage in multiple organs. The genetic factors that contribute to

predisposition to the disease and its severity consist of multiple

susceptibility alleles, each with only a small individual

contribution. Although MRL/lpr and B6/lpr mouse models

have allowed the discovery of key mechanisms of the disease

(2), additional genes of pathological importance are yet to

be discovered.

The P2X7/ATP pathway plays a major role in the

development of inflammatory and autoimmune diseases (14,

16). Thus, elevated P2X7 expression on Th1 and Th17 cells from

SLE patients has been shown to be related to disease

exacerbation (20), whereas P2X7 deletion in follicular helper T

cells led to their aberrant expansion and the generation of self-

reactive antibodies in pristane-induced lupus mice (25).

However, we did not observe an expansion of the Bcl-6-

expressing effector/memory CD4+ T-cell subset in B6/lpr-

p2x7KO mice (data not shown). These previous reports,

showing either a pathogenic or a protective role of P2X7 in

the onset and progression of SLE, highlight the need to pursue

studies on how P2X7 regulates T-cell effector functions under

normal and pathological conditions. Previously, we showed that

P2X7 expression and ATP-induced cellular functions in normal

CD4+ (conventional and regulatory) and CD8+ T cells depend

on their stage of activation and differentiation instead of P2X7

levels (26, 27). We previously showed a marked downregulation

of P2X7 membrane expression and ATP sensitivity in

pathogenic CD4–CD8– T cells from MRL/lpr and B6/lpr mice

(28), suggesting that P2X7 deficiency could amplify

lymphoaccumulation and autoimmunity in the Fas-deficient

mouse strain. Therefore, we generated double-mutant B6/lpr-

p2x7KO mice. We chose the B6 genetic background because B6/

lpr mice develop milder disease than MRL/lpr mice, making it

easier to detect potential phenotypic changes. Importantly, B6/

lpr-p2x7KO mice showed an unexpected high early death rate,

indicating that they develop a rapid and/or severe form of the

disease. Thus, mean survival for B6/lpr-p2x7KO mice was 20

weeks for both males and females versus 60 (females) to 73

(males) weeks for B6/lpr mice [Table 2 and (10)]. These data on

mortality rates by sex suggest an absence of sexual dimorphism

in B6/lpr-p2x7KO mice, although females showed significantly

higher lymphoaccumulation than males. Lymphadenopathy and

splenomegaly in B6/lpr-p2x7KO mice, which peaks at

approximately 7 to 8 months of age, were due to the massive

accumulation of FasLhiB220+ DN T cells expressing the

EomeshiCD44hiCD45RBhi effector/memory phenotype.

Moreover, we found B220+ DN T cells to mostly originate

from Eomes+ CD8+ T cells at the CD44hiCD45RBhi effector/

memory stage, which display a very low sensitivity to both P2X7

(27) and Fas receptor (40). Importantly, Eomes-deficient B6/lpr

mice show reduced B220+ DN T cell numbers (30), confirming
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the CD8 origin of the DN subset. Moreover, B6/lpr-p2x7KO sera

contained high levels of IFN-g, of which the important sources of

production are effector/memory CD8+ T cells. Overall, our data

suggest that P2X7 is physiologically involved in the homeostasis

of effector/memory CD8+ T cells in synergy with the Fas death

receptor. Finally, the high levels of CD45RB on B220+ DN T cells

from B6/lpr-p2x7KO mice, which is reminiscent of the human

EMRA phenotype [CD44hiCD45RAhiCCR7− (36, 37)], suggest

that they are in a chronically activated state. In addition,

PD1+Tim-3+ T cells were entirely absent from B6/lpr-p2x7KO

mice, indicating that accumulating T cells do not reach an

exhausted state.

Importantly, the limited lupus-like syndrome of B6/lpr mice

was greatly amplified in B6/lpr-p2x7KOmice, as shown by the high

levels of complement-fixing IgG2a anti-dsDNA autoantibodies

(Table 2), which are major nephritogenic autoantibodies in MRL/

lpr mice (41), and the dysregulated cytokine network. The key

synergistic role of the Fas and P2X7 deficiency in the severity of

lupus disease is emphasized by the low anti-dsDNA antibody levels

in Bcl-3 (42) and NF-kB2 (43) deficient B6/lprmice, although they

display high B220+ DN T-cell numbers. In B6/lpr-p2x7KO sera, we

found high levels of IFN-g, which is involved in isotype switching to
complement-fixing IgG2a, as well as BAFF, IL-10, IL-6, and IL-17A.

The latter cytokines are instrumental in driving autoantibody

production in lupus through their ability to control B-cell

maturation, survival, and differentiation into antibody-secreting

plasma cells. Therefore, overproduced long-lived plasma cells

could be involved in the decreased percentage of transitional B

cells found in B6/lpr-p2x7KO bonemarrow. IL-6 is also essential for

the generation and maintenance of IL-17A-producing Th17 cells,

which are involved in ALPS and SLE by protecting T cells from Fas-

induced cell death (44). Indeed, lower numbers of IL-17A-

producing Th17 cells in IL-23R-deficient B6/lpr mice resulted in

reduced anti-DNA antibody levels and lupus nephritis (45). Of

note, DN T cells are an important source of IL-17A in SLE patients

(4) and MRL/lprmice (46), and therefore most probably also in B6/

lpr-p2x7KO mice. As in various autoimmune diseases (47), IL-15/

IL-15Ra complexes were found at high levels in B6/lpr-p2x7KO

sera. Such overexpression could amplify lymphoaccumulation, as

the IL-15/IL-15Ra complex is an anti-apoptotic cytokine (48), in

addition to its ability to regulate CD8+ T-cell expansion and

cytotoxicity (34). Sera of B6/lpr-p2x7KO mice also contained high

levels of the type III interferons IL-28/IFN-l, for which the role in

SLE pathogenesis has been recently highlighted (49). Importantly,

B6/lpr-p2x7KO mice had low levels of serum TGF-b1, which is a

predisposing factor to autoimmunity, as TGF-b1 plays a pivotal role
in maintaining peripheral immune tolerance by promoting Foxp3+

Tregs (50). Moreover, the overexpression of IL-6 in B6/lpr-p2x7KO

mice could further impair the generation of peripheral Foxp3+

Tregs, as high IL-6 levels can favor the conversion of Treg cells into

pathogenic IL-17A-secreting Th17 cells (51). However, since Tregs

from WT B6 mice express high levels of P2X7 membrane
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expression and sensitivity to ATP (26, 27), the higher number of

Tregs that we observed in B6/lpr-p2x7KO spleen compared to B6/

lpr spleen is likely due to their loss of sensitivity to ATP-mediated

cell death via P2X7. Our results suggest that P2X7 plays a role in the

homeostasis of peripheral Foxp3+ Tregs by preventing their tissue

accumulation through their high sensitivity to ATP-induced cell

death. Besides, P2X7 could negatively regulate the activation/

differentiation of Tregs by a mechanism independent of the TGF-

b1 pathway that needs to be further investigated.

In summary, we show that B6/lpr-p2x7KO mice express key

biomarkers of ALPS and severe lupus disease (1, 32, 33). Thus,

B6/lpr-p2x7KO mice have large areas of renal tissue fibrosis,

high serum levels of inflammatory cytokines, soluble FasL, anti-

dsDNA autoantibodies, and RF but they did not show the severe

skin lesions observed in MRL/lpr mice. However, the livers of

B6/lpr-p2x7KO mice, but not MRL/lprmice, showed massive T-

cell infiltrates, especially B220+ DN T cells, suggesting that target

organs/tissues differ between the two SLE models. Moreover, B6/

lpr-p2x7KO mice showed a significantly higher percentage and/

or absolute number of GzmB+ CD8 SP T cells and FasL+ B220+

DN T cells, which could generate tissue damage, as the lpr

mutation is leaky. In addition, we found elevated blood levels of

urea, ASAT, and LDH. Therefore, alongside invaluable models

of ALPS and/or SLE, such as MRL/lpr mice, the B6/lpr-p2x7KO

mouse strain is a novel model of T-cell homeostasis

dysregulation and lupus development. Importantly, B6/lpr-

p2x7KO mice exhibits a unique autoimmune profile

highlighting the Fas and P2X7 synergy. Thus some

autoimmune features such as renal infiltrations, IgG dsDNA

autoantibodies as well as BAFF and IL-6 cytokines are shared

between B6/lpr-p2x7KO and MRL/lpr mice, whereas other

features such as liver infiltration and IL-1b, IL-15/IL-15R, IL-
17A, IL-23, IL-28/IFN-l are inherited from B6/lprmice but with

a massive amplification due to the absence of P2X7. Therefore,

our present study is the first experimental demonstration that

P2X7 plays a key protective role against the development of

ALPS and systemic autoimmune conditions, in particular SLE.

The mTOR signaling pathway, which regulates many cellular

processes, could play a key role in the protective function of

P2X7. Indeed, the treatment of MRL/lpr mice with the

immunosuppressant FTY720 led to a significant decrease of

the number of DN T cells (52), most likely through the

activation of protein phosphatase 2A (PP2A), which negatively

regulates the mTOR signaling pathway. The involvement of the

mTOR kinase in the acquisition of the DN T cell phenotype is

further documented by a report showing that the treatment of

SLE patients with mTOR inhibitor sirolimus/rapamycin can

significantly reduce IL-17-producing DN T cell numbers (53).

In patients with ALPS, rapamycin treatment massively reduced

lymphoproliferation and numbers of circulating DN T cells. The

mTOR pathway has been identified as a major regulator of the

accumulation and aberrant differentiation of Fas-deficient T cells
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(54). Furthermore, the mTOR signaling pathway is activated by

proinflammatory cytokines such as IL-15 (55), whereas it can be

repressed by the immunosuppressive cytokine TGF-b1 (56) and
after P2X7 activation (57). Therefore, we suggest that the high

mTOR activity caused by the Fas deficiency in B6/lpr T cells

could be increased still further by the loss of P2X7, therefore

leading to the massive increase of lymphoaccumulation and

aberrant differentiation observed in B6/lpr-p2x7KO mice

correlated with the increase of IL-15 and the decrease of TGF-

b1 levels.
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29. Bobé P, Bonardelle D, Benihoud K, Opolon P, Chelbi-Alix MK. Arsenic
trioxide: A promising novel therapeutic agent for lymphoproliferative and
autoimmune syndromes in MRL/lpr mice. Blood (2006) 108(13):3967–75. doi:
10.1182/blood-2006-04-020610
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.957008/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.957008/full#supplementary-material
https://doi.org/10.1182/blood.2020005486
https://doi.org/10.1182/blood.2020005486
https://doi.org/10.1155/2011/271694
https://doi.org/10.1002/eji.201546056
https://doi.org/10.1038/s41467-020-16636-4
https://doi.org/10.1016/j.immuni.2008.07.016
https://doi.org/10.1002/eji.1830270211
https://doi.org/10.1189/jlb.0904536
https://doi.org/10.1038/sj.onc.1205730
https://doi.org/10.1186/ar1699
https://doi.org/10.1186/ar1699
https://doi.org/10.1016/j.humimm.2010.05.008
https://doi.org/10.1016/j.humimm.2010.05.008
https://doi.org/10.3389/fphar.2017.00123
https://doi.org/10.1091/mbc.e08-11-1135
https://doi.org/10.3389/fnmol.2019.00183
https://doi.org/10.1038/nature07240
https://doi.org/10.1126/scisignal.2001270
https://doi.org/10.1126/scisignal.2001270
https://doi.org/10.4049/jimmunol.1302467
https://doi.org/10.4049/jimmunol.2000222
https://doi.org/10.4049/jimmunol.168.12.6436
https://doi.org/10.4049/jimmunol.168.12.6436
https://doi.org/10.4049/jimmunol.176.5.3115
https://doi.org/10.4049/jimmunol.176.5.3115
https://doi.org/10.1038/ncomms2023
https://doi.org/10.1002/art.38174
https://doi.org/10.1002/art.38174
https://doi.org/10.1084/jem.20171976
https://doi.org/10.3389/fimmu.2018.00360
https://doi.org/10.1096/fj.201800867R
https://doi.org/10.1371/journal.pone.0052161
https://doi.org/10.1182/blood-2006-04-020610
https://doi.org/10.3389/fimmu.2022.957008
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mellouk et al. 10.3389/fimmu.2022.957008
30. Kinjyo I, Gordon SM, Intlekofer AM, Dowdell K, Mooney EC, Caricchio R,
et al. Cutting edge: Lymphoproliferation caused by fas deficiency is dependent on
the transcription factor eomesodermin. J Immunol (2010) 185(12):7151–5. doi:
10.4049/jimmunol.1003193

31. Qui HZ, Hagymasi AT, Bandyopadhyay S, St Rose MC, Ramanarasimhaiah
R, Menoret A, et al. CD134 plus CD137 dual costimulation induces eomesodermin
in CD4 T cells to program cytotoxic Th1 differentiation. J Immunol (2011) 187
(7):3555–64. doi: 10.4049/jimmunol.1101244

32. Bride K, Teachey D. Autoimmune lymphoproliferative syndrome: More
than a FAScinating disease. F1000Res (2017) 6:1928. doi: 10.12688/
f1000research.11545.1

33. Le Gallo M, Poissonnier A, Blanco P, Legembre P. CD95/Fas, non-apoptotic
signaling pathways, and kinases. Front Immunol (2017) 8:1216. doi: 10.3389/
fimmu.2017.01216

34. Nolz JC, Richer MJ. Control of memory CD8(+) T cell longevity and effector
functions by IL-15. Mol Immunol (2020) 117:180–8. doi: 10.1016/
j.molimm.2019.11.011

35. Zumwalt TJ, Arnold M, Goel A, Boland CR. Active secretion of CXCL10
and CCL5 from colorectal cancer microenvironments associates with GranzymeB+
CD8+ T-cell infiltration. Oncotarget (2015) 6(5):2981–91. doi: 10.18632/
oncotarget.3205

36. D’Asaro M, Dieli F, Caccamo N, Musso M, Porretto F, Salerno A. Increase of
CCR7- CD45RA+ CD8 T cells (T(EMRA)) in chronic graft-versus-host disease.
Leukemia (2006) 20(3):545–7. doi: 10.1038/sj.leu.2404079

37. Romero P, Zippelius A, Kurth I, Pittet MJ, Touvrey C, Iancu EM, et al. Four
functionally distinct populations of human effector-memory CD8+ T lymphocytes.
J Immunol (2007) 178(7):4112–9. doi: 10.4049/jimmunol.178.7.4112

38. Jacob N, Stohl W. Autoantibody-dependent and autoantibody-independent
roles for b cells in systemic lupus erythematosus: past, present, and future.
Autoimmunity (2010) 43(1):84–97. doi: 10.3109/08916930903374600

39. Teachey DT, Seif AE, Grupp SA. Advances in the management and
understanding of autoimmune lymphoproliferative syndrome (ALPS). Br J
Haematol (2010) 148(2):205–16. doi: 10.1111/j.1365-2141.2009.07991.x

40. Tinhofer I, Marschitz I, Kos M, Henn T, Egle A, Villunger A, et al.
Differential sensitivity of CD4+ and CD8+ T lymphocytes to the killing efficacy
of fas (Apo-1/CD95) ligand+ tumor cells in b chronic lymphocytic leukemia. Blood
(1998) 91(11):4273–81. doi: 10.1182/blood.V91.11.4273

41. Peng SL, Moslehi J, Craft J. Roles of interferon-gamma and interleukin-4 in
murine lupus. J Clin Invest. (1997) 99(8):1936–46. doi: 10.1172/JCI119361

42. Tang W, Wang H, Tian R, Saret S, Cheon H, Claudio E, et al. Bcl-3 inhibits
lupus-like phenotypes in BL6/lpr mice. Eur J Immunol (2020) 51(1):197–205. doi:
10.1002/eji.202048584

43. Low JT, Hughes P, Lin A, Siebenlist U, Jain R, Yaprianto K, et al. Impact of
loss of NF-kappaB1, NF-kappaB2 or c-REL on SLE-like autoimmune disease and
lymphadenopathy in fas(lpr/lpr) mutant mice. Immunol Cell Biol (2016) 94(1):66–
78. doi: 10.1038/icb.2015.66
Frontiers in Immunology 17
44. Boggio E, Clemente N, Mondino A, Cappellano G, Orilieri E, Gigliotti CL,
et al. IL-17 protects T cells from apoptosis and contributes to development of ALPS-
like phenotypes. Blood (2014) 123(8):1178–86. doi: 10.1182/blood-2013-07-518167

45. Kyttaris VC, Zhang Z, Kuchroo VK, Oukka M, Tsokos GC. Cutting edge:
IL-23 receptor deficiency prevents the development of lupus nephritis in C57BL/6-
lpr/lpr mice. J Immunol (2010) 184(9):4605–9. doi: 10.4049/jimmunol.0903595

46. Zhang Z, Kyttaris VC, Tsokos GC. The role of IL-23/IL-17 axis in lupus
nephritis. J Immunol (2009) 183(5):3160–9. doi: 10.4049/jimmunol.0900385

47. Waldmann TA, Miljkovic MD, Conlon KC. Interleukin-15 (dys)regulation
of lymphoid homeostasis: Implications for therapy of autoimmunity and cancer. J
Exp Med (2020) 217(1):e20191062. doi: 10.1084/jem.20191062

48. Inoue S, Unsinger J, Davis CG, Muenzer JT, Ferguson TA, Chang K, et al.
IL-15 prevents apoptosis, reverses innate and adaptive immune dysfunction, and
improves survival in sepsis. J Immunol (2010) 184(3):1401–9. doi: 10.4049/
jimmunol.0902307

49. Goel RR, Wang X, O’Neil LJ, Nakabo S, Hasneen K, Gupta S, et al.
Interferon lambda promotes immune dysregulation and tissue inflammation in
TLR7-induced lupus. Proc Natl Acad Sci U S A. (2020) 117(10):5409–19. doi:
10.1073/pnas.1916897117

50. Sanjabi S, Oh SA, Li MO. Regulation of the immune response by TGF-b:
From conception to autoimmunity and infection. Cold Spring Harb Perspect Biol
(2017) 9(6). doi: 10.1101/cshperspect.a022236

51. Veldhoen M. Interleukin 17 is a chief orchestrator of immunity. Nat
Immunol (2017) 18(6):612–21. doi: 10.1038/ni.3742

52. Okazaki H, Hirata D, Kamimura T, Sato H, Iwamoto M, Yoshio T, et al.
Effects of FTY720 in MRL-lpr/lpr mice: Therapeutic potential in systemic lupus
erythematosus. J Rheumatol (2002) 29(4):707–16.

53. Lai ZW, Kelly R, Winans T, Marchena I, Shadakshari A, Yu J, et al.
Sirolimus in patients with clinically active systemic lupus erythematosus resistant
to, or intolerant of, conventional medications: A single-arm, open-label, phase 1/2
trial. Lancet (2018) 391(10126):1186–96. doi: 10.1016/S0140-6736(18)30485-9

54. Volkl S, Rensing-Ehl A, Allgauer A, Schreiner E, Lorenz MR, Rohr J, et al.
Hyperactive mTOR pathway promotes lymphoproliferation and abnormal
differentiation in autoimmune lymphoproliferative syndrome. Blood (2016) 128
(2):227–38. doi: 10.1182/blood-2015-11-685024

55. Mao Y, van Hoef V, Zhang X, Wennerberg E, Lorent J, Witt K, et al. IL-15
activates mTOR and primes stress-activated gene expression leading to prolonged
antitumor capacity of NK cells. Blood (2016) 128(11):1475–89. doi: 10.1182/blood-
2016-02-698027

56. Gabriel SS, Tsui C, Chisanga D, Weber F, Llano-Leon M, Gubser PM, et al.
Transforming growth factor-beta-regulated mTOR activity preserves cellular
metabolism to maintain long-term T cell responses in chronic infection.
Immunity (2021) 54(8):1698–1714 e5. doi: 10.1016/j.immuni.2021.06.007

57. Bian S, Sun X, Bai A, Zhang C, Li L, Enjyoji K, et al. p2x7 integrates PI3K/
AKT and AMPK-PRAS40-mTOR signaling pathways to mediate tumor cell death.
PloS One (2013) 8(4):e60184. doi: 10.1371/journal.pone.0060184
frontiersin.org

https://doi.org/10.4049/jimmunol.1003193
https://doi.org/10.4049/jimmunol.1101244
https://doi.org/10.12688/f1000research.11545.1
https://doi.org/10.12688/f1000research.11545.1
https://doi.org/10.3389/fimmu.2017.01216
https://doi.org/10.3389/fimmu.2017.01216
https://doi.org/10.1016/j.molimm.2019.11.011
https://doi.org/10.1016/j.molimm.2019.11.011
https://doi.org/10.18632/oncotarget.3205
https://doi.org/10.18632/oncotarget.3205
https://doi.org/10.1038/sj.leu.2404079
https://doi.org/10.4049/jimmunol.178.7.4112
https://doi.org/10.3109/08916930903374600
https://doi.org/10.1111/j.1365-2141.2009.07991.x
https://doi.org/10.1182/blood.V91.11.4273
https://doi.org/10.1172/JCI119361
https://doi.org/10.1002/eji.202048584
https://doi.org/10.1038/icb.2015.66
https://doi.org/10.1182/blood-2013-07-518167
https://doi.org/10.4049/jimmunol.0903595
https://doi.org/10.4049/jimmunol.0900385
https://doi.org/10.1084/jem.20191062
https://doi.org/10.4049/jimmunol.0902307
https://doi.org/10.4049/jimmunol.0902307
https://doi.org/10.1073/pnas.1916897117
https://doi.org/10.1101/cshperspect.a022236
https://doi.org/10.1038/ni.3742
https://doi.org/10.1016/S0140-6736(18)30485-9
https://doi.org/10.1182/blood-2015-11-685024
https://doi.org/10.1182/blood-2016-02-698027
https://doi.org/10.1182/blood-2016-02-698027
https://doi.org/10.1016/j.immuni.2021.06.007
https://doi.org/10.1371/journal.pone.0060184
https://doi.org/10.3389/fimmu.2022.957008
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	P2X7 purinergic receptor plays a critical role in maintaining T-cell homeostasis and preventing lupus pathogenesis
	Introduction
	Materials and methods
	Mice
	PCR-based genotyping analysis of B6/lpr-p2x7KO double-mutant mice
	Single-cell suspension preparations
	ATP-mediated cellular function assays
	Lymphocyte immunophenotyping
	Quantification of anti-dsDNA antibody, RF, cytokine, and soluble FasL levels
	Determination of biochemical parameters
	Histopathological and immunohistofluorescence analyses
	Statistical analysis

	Results
	Outline placeholder
	Massive accumulation of B220+ DN T cells in B6/lpr-p2x7KO spleens and LNs
	Kinetics of B220+ DN T-cell accumulation in B6/lpr-p2x7KO mice

	CD8 SP origin of B220+ DN T lymphocytes in B6/lpr-p2x7KO mice
	High numbers of granzyme B+ CD8+ and FasL+ DN T cells in B6/lpr-p2x7KO mice
	Massive leukocyte infiltration into various tissues of B6/lpr-p2x7KO mice
	B220+ DN T cells massively infiltrate B6/lpr-p2x7KO livers
	Memory T-cell subsets predominate within the T-cell population of B6/lpr-p2x7KO mice
	Normal percentage of DP and SP thymocytes but an elevated percentage of pre-B cells in B6/lpr-p2x7KO mice
	A dysregulated cytokine network and high levels of autoantibodies in B6/lpr-p2x7KO mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


